[1] The coasts of Bohai Sea (BS) and Yellow Sea (YS) in China support almost one-quarter of its population and provide more than one-third of the national GDP. BS and YS are downwind of the Asian continental outflow in spring and winter as influenced by the East Asian monsoon. This makes the two seas important sinks of land-based pollutants associated with the Asian continental outflow. The sixteen U.S. EPA proposed priority polycyclic aromatic hydrocarbons (PAHs) in 130 surface sediment samples collected from BS and YS were measured. Combined with our previous PAH data of 90 PM 2.5 samples from the upwind areas, the sources of the PAHs in BS and YS were apportioned using positive matrix factorization (PMF) modeling. Four sources were identified: petroleum residue, vehicular emissions, coal combustion and biomass burning. Petroleum residue was the dominant contributor of PAHs in the coast of the Bohai Bay probably due to Haihe River runoff, oil leakage from ships and offshore oil fields. The contribution of vehicular emissions in BS was higher than that in YS, and the reverse was true for coal combustion and biomass burning. This difference in the source patterns in the sediments of the two seas could be attributed to the different PAH emission features of the upwind area related to demographic and economic conditions, as well as the marine geography. The ratios of selected 4-6 ring PAHs in the sediments compared well with those of the PM 2.5 of the upwind areas, implicating that the particle phase PAHs in the atmosphere play an important role in the source to sink process of the pyrogenic PAHs in the region.
Introduction
[2] Polycyclic aromatic hydrocarbons (PAHs) are known carcinogens and their fate has been of great interest to researchers because of their persistence in the environment. Marine sediments are usually regarded as the ultimate sink of these pollutants discharged from land-based sources either by atmospheric deposition or riverine outflows. Correlating the PAHs in the marine sediments and atmospheric aerosols would provide much needed information on the transformation and fate of these organic pollutants in the atmospheric-marine environments.
[3] Bohai Sea (BS, 77,000 km 2 ) and Yellow Sea (YS, 400,000 km 2 ) are a part of the East China Seas (Figure 1 ). Their coasts (including four provinces and two municipalities under the direct jurisdiction of the Central Government) supported almost 1/4 of the Chinese population in 2001 and provided 35% of the national GDP in 2008 (http://www. stats.gov.cn/english). According to Zhang and Tao [2009] , PAH emission in China was estimated to be 114 Gg in 2004, accounting for 22% of the total PAH emission in the world, and the emission inventory of PAHs around the coasts of BS and YS was much higher than the rest of the Chinese coastal regions. Under the influence of the East Asian monsoon, BS and YS are downwind of the Asian continental outflow in spring and winter [Guo et al., 2006; Feng et al., 2007; Zhang and Gao, 2007] , and large amount of dust and atmospheric pollutants are deposited in these marginal seas [Zhang et al., 1992; Primbs et al., 2007; Lang et al., 2008] . Zhang et al. [1992] reported that the atmospheric input of heavy metals such as Cu, Pb, and Co to YS is higher than those from riverine input. [4] Recently, there were several reports on the distribution and source identification of the PAHs in the sediments of BS and YS [Liu et al., 2007; Qin et al., 2011] ; however, there is no quantitative source apportionment for these sedimentary PAHs at the regional scale. Origins of PAHs can be categorized by using the ratios of selected PAHs that are of petrogenic and pyrogenic sources, but it is difficult to quantitatively estimate the specific contributions. The objectives of this study are to apportion the sources of the PAHs in the sediments of BS and YS using positive matrix factorization (PMF) modeling on a data set from a wellplanned 2-year sampling campaign, and to reveal the factors that influence the sources contributing to PAHs in the surface sediments in the region by combining/comparing with the results of the PM 2.5 from upwind areas.
Materials and Methods

Sampling
[5] The locations of sampling sites in BS and YS are illustrated in Figure 1 . A total of 130 sediment samples were collected during 2007-2008 in two cruises, including stations SY1-SY27 and NY1-NY32 in YS, and BS1-BS71 in BS. Surface sediment samples were collected using a stainless steel box corer/or stainless steel grab sampler. The top layer/surface (0-3 cm) sediments were wrapped in aluminum foil and stored at À20°C until organic analysis.
[6] In our previous studies, 90 PM 2.5 samples were collected in Beijing (n = 20, summer and n = 14, winter), Changdao Island (n = 13, summer and n = 11, winter) and Qingdao (n = 16, summer and n = 16, winter). Details are provided by Feng et al. [2005 Feng et al. [ , 2007 and Guo et al. [2009] .
PAHs Analysis
[7] The PAH analysis procedure and QA/QC followed that described by Mai et al. [2003] and Guo et al. [2006] . Briefly, homogenized samples were freeze-dried and ground. About 10 g of the sample was spiked with a mixture of recovery standards of four deuterated PAHs. The samples were extracted with dichloromethane in a Soxhlet extractor for 72 h, with activated copper added to remove the sulfur in the samples. The extract was concentrated and fractionated using a silica-alumina (1:1) column. PAHs were eluted using 35 ml of hexane/dichloromethane (1:1). Hexamethylbenzene was added as internal standard and the mixture was reduced to 0.2 ml and subjected to GC-MSD (a HP-5972 mass spectrometer interfaced to a HP-5890 II gas chromatography) analysis. The GC was equipped with a HP-5 capillary column (25 m Â 0.25 mm id, film thickness 0.25 mm) with helium as carrier gas. The GC operating conditions were: held at 80°C for 5 min, ramped to 290°C at 4°C min À1 and held for 30 min. The sample was injected splitless with the injector temperature at 290°C. The MSD was operated in the electron impact (EI) mode at 70 eV and the selected-ion-monitoring (SIM) mode. Procedural blanks, standard-spiked blanks, standard-spiked matrix and duplicate samples were analyzed for quality assurance and control. Sixteen U.S. EPA proposed priority PAHs were measured in this study including naphthalene (NAP), acenaphthylene (AC), acenaphthene (ACE), fluorene (FL) (NIST 1941) were between 80% and 120% of the certified values. Nominal detection limits for individual PAH ranged from 0.2 to 2 ng/g (dry weight) for 10 g of sediment and 0.008-0.08 ng/m 3 for 500 m 3 of atmospheric aerosols [Mai et al., 2003] . PAHs except AC and ACE were detected in all sediment samples. There were 26 (12%) samples where AC was below the detection limit and 27 (12%) samples for ACE. PAH recoveries of the standard-spiked matrix ranged from 85 to 95%, the paired duplicate samples agreed to within 15% of the measured values (n = 12), and the targeted compounds were not detected in procedural blank (n = 12). The average surrogate recoveries were 65 AE 6% for naphthalene-d 8 , 68 AE 6% for acenaphthene-d 10 , 97 AE 10% for phenanthrene-d 10 and 91 AE 15% for perylene-d 12 , respectively. The final concentrations of PAHs were not corrected for the recoveries.
PMF Modeling
[9] PMF was developed in the early 1990s and has been often applied to atmospheric, and temporal distributed data sets. Compared to chemical mass balance, PMF can be used for source apportionment without source profile information. This advantage makes PMF well suited for studies of the source apportionment of pollutants in sediments and atmospheric aerosols. In recent years, PMF has been successfully applied to spatially distributed data sets to apportion the sources of PAHs in sediments [Sofowote et al., 2008; Stout and Graan, 2010] .
[10] Detailed concept and application of PMF source apportionment has been described in EPA PMF 3.0 Fundamentals & User Guide (www.epa.gov/heasd/products/pmf). In principle, the PMF model is based on the following equation:
where Xij is the concentration of the jth congener in the ith sample of the original data set; Aik is the contribution of the kth factor to the ith sample; Fkj is the fraction of the kth factor arising from congener j; and Rij is the residual between the measured Xij and the estimated Xij using p principal components.
where Sij is the uncertainty of the jth congener in the ith sample of the original data set containing m congeners and n samples. Q is the weighted sum of squares of differences between the PMF output and the original data set. One of the objectives of PMF analysis is to minimize the Q value.
[11] Before the analysis, undetectable value (dull value) was replaced with concentration value of one half the method detection limit. Uncertainty file should be provided in the model as an estimate of the confidence level for each value. In this study, an uncertainty of 20% was adopted based on the results from regularly analyzing the standard reference material [Mai et al., 2003 ].
Results and Discussion
Concentrations and Compositions of PAHs in Sediments
[12] The PAH concentration ranged from 30 to 537 ng/g (average 160 AE 114 ng/g, n = 130). The concentrations of the individual PAH at each sampling site are shown in auxiliary material Data Set A1.
1 The PAH concentrations in BS decreased from the nearshore area (BS1-BS23) to the open sea (BS24-BS71). This may be partially influenced by large regional river runoffs such as Haihe River [Qin et al., 2011] . High concentrations were observed in the central YS (NY18-NY19 and SY12-SY15) (Figure 1 and Data Set A1) where the sediments contained a high proportion of finegrained particles and organic carbon, which can absorb or retain more of these organic pollutants . The PAH concentrations in this study are close to those measured in the Adriatic Sea (24.1-501.1 ng/g, n = 23) [Magi et al., 2002] , northern South China Sea (138-498 ng/g for 25 PAHs, n = 25) [Chen et al., 2006] , South-Western Barents Sea (with an average around 200 ng/g, n = 13) [Boitsov et al., 2009] .
[13] In Figure 2 , the samples from BS are distinctly clustered into two groups characterized by 2-3 ring PAHs in the nearshore area of the Bohai Bay and 4-6 ring PAHs in the open sea of BS. The ratios of the 2-3 ring to the 4-6 ring PAHs are >1 in the majority of the samples in the nearshore Bohai Bay, suggesting PAH contamination from petrogenic sources; while in the open sea of BS, pyrogenic source is indicated by the <1 ratios [Qin et al., 2011] . In the entire YS, the ratios of the 2-3 ring to the 4-6 ring PAHs are reported to be <1, suggesting pyrogenic source (Figure 2 ).
Identification of Source in PMF Modeling
[14] Traditional PAH source identification using PAH compositions or ratios of selected PAH concentrations can distinguish between petrogenic and pyrogenic origins, but it is unable to estimate the contribution from the specific source categories. With PMF, such information can be obtained.
[15] Input data of the PMF analysis are PAH results from 220 samples including the 130 sediment samples and 90 PM 2.5 samples of the upwind areas (Figure 1 ). The PMF model was tested for 3-7 factors and always with 7 seeds. Four-factor solution was adopted which gave the most stable results and easily interpretable factors when taking the background of the PAH release sources in China into consideration [Xu et al., 2006] . The ratio of the PMF estimated concentrations to the measured concentrations was almost unity (y = 0.93x + 5.91, R 2 = 0.95, n = 220), suggesting that the measured concentrations were well explained by the four factors. Each factor profile was then identified by comparing to the source profiles reported in aerosols and sediments [Bzdusek et al., 2004; Christensen and Bzdusek, 2005; Li et al., 2003; Christensen and Arora, 2007; Tian et al., 2009] . They are: 1) vehicular emissions, 2) biomass burning, 3) petroleum residue, and 4) coal combustion (see Figure 3) .
[16] Factor 1 is characteristic of vehicular emissions. PAHs with high content of 6-ring INP and BghiP, and BaP/BghiP close to 0.6 have been considered to be tracers of automobile emissions in traffic tunnel, roadside and urban environment studies [Lim et al., 1999] . Factor 2 is predominately composed of FLU, PYR with moderate loadings of BbF, CHR. This source profile for sediments has been reported in the literature to be mainly from biomass burning [Freeman and Cattell, 1990] . Factor 3 is dominated by PHE and is believed to be related to crude oil or refined petroleum release and its degradation products [Zakaria et al., 2002] . They could also be derived from oil spill and leakage from vehicles/ships, discharge from municipal and industrial wastewater, etc. BbF, CHR and BaP were heavily weighted in Factor 4 with moderate weightings on BaA, IP and BghiP. BbF, CHR and BaA have been identified as markers of coal combustion emission derived from power plant, coking, steel and iron industries, while IP and BghiP can also be generated in coal combustion emission [Khalili et al., 1995; Yang et al., 2002] .
[17] According to the PAH emission inventory in China, biomass burning, coal combustion (domestic coal and coking) and vehicular emission contribute to over 90% of the total PAHs emission in the atmosphere [Xu et al., 2006] . They are the important potential sources of pyrogenic PAHs in sediments [Lang et al., 2008] . PAHs associated with petroleum residue have been also widely observed in marine sediments in Chinese coastal environment [Mai et al., 2003; Men et al., 2009] . Thus, the four factors basically covered the major sources of the PAHs in the study region.
Source Apportionment of PAHs in Sediments Using PMF
[18] The source patterns of the PAHs in the different sea areas are shown in Figure 4a . Petroleum residue in the nearshore Bohai Bay was substantially larger in proportion (34%) than in the open sea of BS (16%) and the entire YS (17%). Petroleum residue has been regarded as fugitive discharge of petroleum products, and the degradation products of these oil-containing materials in the sediments are usually 2-3 ring PAHs, in particular, PHE accounts for >50% of the total PAHs [Zakaria et al., 2002] . High content of 2-3 ring PAHs derived from petroleum source are commonly found in the sediments of estuaries and bays [Mai et al., 2003; Men et al., 2009] , while it is low in PM 2.5 (Figures 4b and 4c) . The high petroleum residue in the nearshore Bohai Bay was probably due to Haihe River outflow, oil leakage from ships and offshore oil fields (such as Da-Gang and Sheng-Li oil fields) in the Bohai Bay. The significant decrease in the petroleum residue from the nearshore to the open sea is due to the obstruction by the coastal current, which interrupt the exchange between the river outflow and the water masses in the open sea [Qin et al., 2011] . No significant contribution from petroleum residue was detected in the sediments from the coastal regions adjacent to the Yellow River Estuary. The lower reach of the Yellow River (the second largest river in world in term of sediment discharge) is an "aboveground river." Its riverbed is 30 m higher than the ground elevation of the surrounding land, thus surface runoffs cannot easily flow into the Yellow River . Additionally, there is no large-scale port and industrial base in the Yellow River Estuary. With no known large river discharge of organic pollutants in YS , low petroleum residue-derived PAHs were detected in the entire YS. Thus, rivers can be regarded as the main input pathway of petroleum residue-derived PAHs in these coastal regions.
[19] BS and YS are downwind of the Asian continental outflow, suggesting that atmospheric deposition is a possible input pathway of the PAHs in the sediments of the two seas. The vehicular contribution in the open BS (35%) was higher than in YS (21%) (Figure 4a ), suggesting 
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influence from upwind pollution. The area surrounding BS consists of the Beijing/Tianjin/Tangshan/Shengyang/Dalian region, accounting for 18% of the population in China in 2001 (http://www.stats.gov.cn/english). Up to 2010, Beijing has 4.8 million registered vehicles and was twice the second ranked Shanghai (2.1 million). In addition, the number of registered vehicles in Tianjin (1.7 million), Shenyang (1.2 million) and Dalian (0.85 million) all ranked in the top twenties in China (http://www.stats.gov.cn/english). The high density of vehicles in the area supported the high vehicular contribution PAHs observed. Furthermore, ship density is much higher in BS than in YS, and more PAHs from ship emissions are thus expected in BS.
[20] The contribution of biomass burning to the PAHs in the sediments was higher in YS than in BS (Figure 4a) . Burning of agricultural refuse is still a much relied upon domestic energy source in rural China, and biomass burning contributes to about half of the total PAHs in the atmosphere of China [Xu et al., 2006] . The main regions of biomass burning are concentrated in Shandong, Henan and Jiangsu provinces in Central-East China according to emission inventory data from Streets et al. [2001] and Xu et al. [2006] . These areas happen to be upwind of YS. The contribution from coal combustion was also higher in YS than in BS, which could be attributed to emissions from large coking bases in the upwind areas, in particular, Shanxi and Shandong provinces are the two biggest coking bases in China [Xu et al., 2006] . Furthermore, as a semienclosed region, BS has only 1/5 the area of YS. Most sampling sites in BS are close to the coast, while most of sampling sites in the open sea of YS are several hundred kilometers away from the main emission areas. Due to the different physical-chemical properties of the individual PAHs, the relative proportion of PAHs will change with the distance of atmospheric transport. Thus the distance becomes an important factor affecting the sources contributing to PAHs in sediments. Both coal combustion and biomass burning derived PAHs contain semi-volatile 4-ring or 5-ring PAHs. Semi-volatile PAHs can exist in the gas phase and particle phase, making them more mobile and can be transport farther in the atmosphere [Lang et al., 2007] . It has been reported that in remote mountains and lakes, these 4-ring and 5-ring PAHs are dominantly from atmospheric deposition [Grimalt et al., 2004] . In general, vehicular emission-derived PAHs consist of less volatile PAHs with 6-rings, characterized by relatively high temperature of condensation and are readily adsorbed on airborne particles [Van Jaarsveld et al., 1997; Wania and Mackay, 1996] , resulting in relatively low mobility which induces a rapid deposition and retention close to their sources [Wania and Mackay, 1996] .
[21] Therefore, the difference in the source patterns of the pyrogenic PAHs in the sediments of the two seas could be attributed to different PAH emission features of upwind area related to demographic and economic conditions, as well as the marine geography.
[22] Overall, the source contribution patterns of the pyrogenic PAHs in the sediments of the region were similar to those of the Pearl River Delta and northern South China Sea, where PAHs from coal and biomass combustion and vehicle emissions were 36% and 25%, respectively [Luo et al., 2008] . The contribution of coal and wood burning were dominant for the pyrogenic PAHs in the sediments. They are different from the U.S. where traffic is the primary PAH sources in the sediments. Traffic-derived PAHs accounted for 45% in Lake Calumet [Bzdusek et al., 2004] and 45% in Lake Michigan [Christensen and Arora, 2007] , 58% in Black River and Ashtabula River [Christensen and Bzdusek, 2005] . The main energy source in China is coal, and biomass burning in the countryside is still significant reflecting an agricultural economic base [Xu et al., 2006] , whereas in the U.S., petroleum is the main energy source [Zhang and Tao, 2009] .
Implication of the Atmospheric Particle-Associated PAHs on the Sediments
[23] In the PM 2.5 samples collected in winter, coal combustion contributed to 42% of the PAHs, followed by biomass burning (29%) and vehicular emissions (23%) (Figure 4b ). In summer, the main sources were vehicular emission (42%), coal combustion (28%) and biomass burning (28%) (Figure 4c ). Owing to the increased amount of coal burned for space heating in winter, many large cities in northern China are heavily contaminated by coal combustion derived PAHs [Tian et al., 2009; Okuda et al., 2010] . Winter is the most polluted season and the PAH concentrations were over ten times higher than in the summer [Feng et al., 2007; Guo et al., 2009] . The source patterns of the PAHs in upwind PM 2.5 collected in winter were comparable to those in the sediments in the open seas (Figure 4 ) if the petroleum residue contribution is not included. Similarly, the variation of source pattern observed in upwind PM 2.5 from BS to YS was consistent with those in the sediments: higher vehicular emission contribution in Beijing but higher biomass burning contribution in Changdao Island and Qingdao. This suggests that the pyrogenic PAHs in the seas are related to the upwind atmospheric aerosols.
[24] The ratios of the concentrations of selected pairs of PAH congeners, such as PHE and ANT, FLU and PYR, BaA and CHR and IP and BghiP can yield source identification information [Yunker et al., 2002] . Figure 5 shows that the ratios of 4-6 ring PAHs in the sediments from BS and YS matched with those of the upwind PM 2.5 . Good correlations of the 4-6 ring PAHs in the sediments and PM 2.5 suggest that they have similar sources, while by contrast, poor correlations in the 3-ring PAHs are likely due to the mixing with other sources such as dissolved PAHs or land runoffs in the water column. This suggests that the particle phase 4-6 ring PAHs in the atmosphere are better conserved during transport and became the dominant source of the pyrogenic PAHs in the sediments. Principal components analysis (PCA) has been a widely used multivariate statistical technique. In this PCA analysis, the data set were untransformed PAH concentrations of all the PM 2.5 samples and sediment samples. SPSS (SPSS Inc., Chicago) was applied to extract the principal components (PC) based on correlation matrix. The two PC (eigenvalues >1) that showed the maximum percentage of the total variance of the data set were used as the factors. The two PCs accounted for 66% and 22% of the total variation. PCA was used to divide the samples into groups which had similar sample scores. There were three clusters based on the two PC scores of each sample, and the compounds that separated the sediments and the PM 2.5 were PHE, IP and BghiP. The PCA sample scores with the typical PAH compositions of PM 2.5 and sediment samples showed that the sediment samples contained more 2-3 ring PAHs (in particular, PHE) than the upwind PM 2.5 samples (Figure 6 ). The 2-3 ring PAHs are mostly associated with petroleum residue. In addition, the gas phase PAHs were considered as potentially important contributors of 2-3 ring PAHs in the open sea sediments. The gas phase PAHs are dominated by 2-3 ring PAHs (85%), and 2-3 ring PAHs have relative high water solubility [Wania and Mackay, 1996; Van Jaarsveld et al., 1997] . Tsapakis et al. [2003 Tsapakis et al. [ , 2006 found that gas phase PAHs were significant contributors of 2-3 ring PAHs in the water by air-water exchange. The contribution of gaseous or dissolved 2-3 ring PAHs in sediments is interface exchange limited (air-water exchange or water-sediment exchange) before transporting through the water column and sinking in the sediments. Most of the dissolved gaseous PAHs are more efficiently removed from the water column via uptake and metabolism in the aquatic food web than by sedimentation [Arzayus et al., 2001; Tsapakis et al., 2006] . By contrast, the 4-6 ring PAHs in particles are less degradable in the water column, and they are more effectively transported and eventually incorporated into the sediments, to be associated with the organic fine particles [Lipiatou et al., 1993; Dachs et al., 1996; Tsapakis et al., 2003] . Thus, the water column process and hydrological environments have less impact on the particulate-origin PAHs in the sediments.
[25] However, the photolysis degradation of the particlephase PAHs during atmospheric transport and PAH fractionation in the water column should still be mentioned in the fate of PAHs in the marine environment [Witt, 2002; Hafner and Hites, 2003; Stubbins et al., 2010] . Additionally, the accumulation and fate of the particle-associated PAHs in sediments in highly dynamic coastal regions could 
Conclusions
[26] This study showed that the pyrogenic 4-6 ring PAHs were the major compounds in the sediments of the open sea of BS and YS; while 2-3 PAHs derived from the petroleum residue was the dominant contributor in the nearshore area of the Bohai Bay. Relating the PAHs distribution data obtained from the sediments of two seas to the upwind PM 2.5 data, it is suggested that the atmospheric deposition of aerosols is the dominant source of the 4-6 ring PAHs in sediments of the open sea, and the particle phase PAHs in the atmosphere play a dominant role in the source to sink process of the pyrogenic PAHs in the open sea of BS and entire YS.
[27] PMF and PCA successfully source apportioned the combined PAHs data that are of different nature (sediments and aerosols) and the methods complemented each other well, thus yielding more confidence and, perhaps, better interpretation of the source to fate of these pollutants in the region. 
